The first examples of thermally stable molecular dihydrogen adducts of nickel were synthesized from their dinitrogen adduct precursors, which are themselves among the first examples of Ni(II)-N 2 complexes. The minimal activation of the bound N 2 moieties suggests that these adducts are stabilized predominantly through s-donation from the adduct to the electrophilic metal center. We further show that the bound H 2 ligand can undergo heterolytic cleavage to deliver hydride to the nickel center. The H 2 adducts are of particular interest in the context of hypotheses suggesting that Ni can serve as the site for H 2 binding and heterolytic activation in [NiFe] hydrogenases.
Introduction
Dihydrogen complexes of late first-row transition metals such as Co, Ni, and Cu are extremely uncommon and typically subject to facile heterolysis.
1 Nickel dihydrogen adducts have been studied theoretically 2 and detected in bulk metal and microporous materials as well as under gas phase and matrix isolation conditions, 3 but have not been isolated as stable species. The only reported molecular example is a [PNP]Ni (H 2 ) + intermediate detected at low temperatures by Caulton and co-workers; the H 2 subsequently undergoes intramolecular heterolytic cleavage. 4 Due to the lack of stable Ni(H 2 ) complexes and the relative scarcity of nickel hydrides, 1 iron is often proposed to be the site of dihydrogen binding and heterolytic activation in [NiFe] hydrogenases. 5, 6 However, certain EPR, X-ray diffraction and theoretical studies have been interpreted to suggest that H 2 is instead activated at a five-coordinate, EPR-silent Ni center in the enzyme active site. 7 Moreover, relatively efficient hydrogenase activity, both for H 2 oxidation and proton reduction, has been demonstrated for model compounds of nickel, 8 particularly the macrocyclic Ni(P 2 N 2 ) 2 systems pioneered by DuBois and coworkers. 8b The presumed initial H 2 -adducts have not yet been isolated or detected in these catalytically competent systems.
Herein we report examples of thermally stable dihydrogen adducts of nickel and show that the bound H 2 ligand can undergo intermolecular heterolytic cleavage to deliver hydride to the nickel center when the auxiliary ligand is appropriately chosen. Access to these Ni(II)-(H 2 ) complexes proceeds from their Ni(II)-(N 2 ) adduct precursors, which are themselves highly unusual species. Dinitrogen complexes of nickel are rare in general.
9,10 With the exception of a recently reported Ni (N 2 ) compound featuring a redox-active diiminopyridine ligand,
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examples of N 2 complexes of Ni(II) have, to our knowledge, only been observed in low-temperature matrices.
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Results and discussion 1 H} NMR spectrum of the dark brown solution shows a very broad peak centered around 46.2 ppm that sharpens upon cooling below À10 C. When the protonation is performed in C 6 H 6 , the product can be isolated as an orange precipitate that reversibly turns dark pink under vacuum, suggesting the coordination of dinitrogen to the nickel cation.
The solid-state structure of a single crystal of this material, obtained from slow evaporation of a CH 2 Cl 2 solution, confirms N 2 coordination in the trigonal-bipyramidal cation {[SiP Fig. 1 ). The apical dinitrogen moiety is bound end-on with a short N-N distance of 1.087(2)
A. An extremely high N-N stretching frequency is observed in the solid-state IR spectrum at 2223 cm À1 and attests to minimal activation of the N-N bond through back-bonding from the cationic Ni center. While the cationic charge of the metal center attenuates the degree of back-bonding to the N 2 moiety, its electrophilicity likely facilitates s-donation from the N 2 to the empty d z 2 orbital, strengthening the M-N 2 interaction; the relative stability of this species in the solid-state raises the possibility that s-donation can contribute more significantly to the M-N 2 interaction than p back-bonding. 16 The fact that the N-N distance observed in the solid state is shorter than that of free N 2 may also indicate that the interaction is predominantly N 2 sdonation to the metal, with minimal p back-bonding. (Fig. 2) . Dichloromethane solutions of 2a decompose gradually over days to paramagnetic {[SiP H} NMR shifts of 346.9 and 296.9 ppm at À20 C (Fig. 2) . Single crystals of 2b were obtained by diffusion of pentane vapors into a benzene solution, and an X-ray diffraction study revealed an N-N distance of 1.083 (3) A. Again, the extremely short N-N bond and its high stretching frequency show the effect of both the s-donation from the N 2 and the minimal p back-bonding from the Ni center. Solid samples of 2b can be isolated by performing the protonation in pentane spiked with minimal benzene; the resulting orange solid does not change color under vacuum, in contrast to 2a. This increased stability is counterintuitive, given the weaker activation of the N 2 ligand; it is, however, consistent with a stronger M-N 2 interaction arising from stronger s-donation from N 2 to a more electrophilic metal center.
Of the few isolable Ni(N 2 ) compounds reported in the literature, the three that to our knowledge feature terminal dinitrogen ligands bound end-on to the metal are shown in Scheme 2. The first reported Ni(N 2 ) compound, (Table 1) .
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The solid-state Ni-N distances of the end-on N 2 adducts (Table 2) , which may be reflective of the Ni-N bond strength, also reflect the contributions of both s-donation and p backbonding. The Ni(0) (dtbpe)Ni(N 2 )(PPh 3 ) complex exhibits a Ni-N distance of 1.830 (2) A, while the more electrophilic While this Co(I) compound is isoelectronic with 2a and 2b, its neutral charge allows for stronger back-bonding and a correspondingly shorter M-N bond. The more subtle effect of s-donation can perhaps be seen in the Ni-N bond distances of 2a and 2b. Though the Ni center in 2a is more electron-rich, its Ni-N distance is longer than that in 2b. Increased s-donation thus seems to be able to compensate for decreased p back-bonding in stabilizing the M-N 2 bonding interaction, at least under the assumption that the M-N bond distances of N 2 complexes reflect the M-N 2 bonding interaction.
Addition of acetonitrile to the N 2 -adduct 2a generates the solvento species {[SiP 19 A C-O distance of 1.157(8) A was obtained from a single crystal grown by slow evaporation of a CH 2 Cl 2 solution of 4a (Fig. 3) . Similarly, an atmosphere of CO displaces the N 2 ligand of 2b in solution and generates the cationic adduct {[SiP H NMR spectrum at RT that is centered at À3.58 ppm and integrates to two H-atoms. NMR spectroscopic parameters that include a T 1 (min) of 20 ms (À50 C, 500 MHz) for 5a and a 1 J H-D of 35 Hz for its HD analogue 5a 0 (Fig. 4) (Fig. 4) ; these values again indicate an intact H 2 ligand. The 1 H NMR resonances corresponding to free H 2 in solution in the VT spectra of 5a and 5b offer an indirect gauge of the strength of the Ni-H 2 interaction. No free H 2 peak is observed in the RT 1 H spectrum of 5b and the bound dihydrogen peak is extremely broad, indicating rapid exchange between bound and free H 2 . The free H 2 resonance appears upon cooling to À10 C and sharpens at À20 C (Fig. S5d , ESI †). In contrast, free H 2 is observed in the RT spectrum of 5a, though both it and the bound dihydrogen peak are broad; both peaks sharpen up at 10 C (Fig. S4d, ESI †) . This suggests that the dihydrogen ligand is bound more strongly in 5a, most likely due to stronger backbonding from the comparatively more electron-rich metal center. This trend of stability is in contrast to the relative stabilities of the N 2 complexes, and suggests that p back-bonding, though minimal in these complexes, may have a more significant effect on the strength of the Ni-H 2 interaction than that of the Ni-N 2 interaction.
While we have not yet been able to obtain solid-state structures of 5a and 5b, the DFT optimized structures (Fig. 5) provide a basis for some qualitative comparisons. Both structures feature short H-H bonds consistent with the short T 1 (min) and large 1 J H-D values obtained experimentally. The Ni-H distances in the relatively electron-rich 5a are slightly shorter than those in 5b, which is also consistent with the experimental observations described above.
Intramolecular heterolytic activation of the coordinated H 2 ligand in 5a would presumably deliver hydride to the nickel center and a proton to the coordinated silyl ligand, affording a species such as ''[HSiP C is required for an appreciable rate.
The stability of these dihydrogen adducts presumably arises not only from the electrophilicity of the cationic metal center, but also from the steric and geometric requirements of the ligand, which orients the d z 2 LUMO into the axial coordination site, as well as from the electronic properties of the silyl anchor, which is neither basic enough to intramolecularly deprotonate the H 2 nor sufficiently Lewis acidic to accept a hydride. The fact that these nickel centers bind N 2 as well as H 2 is in contrast to the behavior of the electrophilic complex [Mn(CO) 3 metal compounds thus seem to be particularly suited for stabilizing these types of H 2 adducts due to the electronic properties and geometric requirements of the ligand; the stabilities of these adducts are further modulated through a balance of ligand sbond donation and metal p back-bonding.
Comparison to an isoelectronic Ni boratrane system
A nickel tris(phosphino)boratrane complex, [TP iPr B]Ni, has been reported by Bourissou and co-workers 24 and can be regarded as 
Conclusions
We have demonstrated that cationic, Ni(II) complexes of tris(phosphino)silyl ligands [SiP R 
]
À are able to coordinate both dinitrogen and dihydrogen, generating among the first thermally stable examples of these types of compounds. We conjecture that stability of the N 2 compounds is predominantly due to the strength of the ligand s-donation interaction, while p backbonding from the metal appears to be relatively less significant. In the H 2 adducts, however, the effect of p back-bonding may be more pronounced. Further work is warranted to shed additional light on the interplay of sigma and pi effects in stabilizing complexes of these types. The dihydrogen adducts of nickel described above broaden the scope of stable dihydrogen compounds of late first-row transition metals, including Co, Ni, and Cu, 25, 26 and are of interest with respect to hypotheses suggesting that Ni can serve as the site for H 2 binding and heterolytic activation in [NiFe] hydrogenases. Most notable is that H 2 has been demonstrated to bind to a highly electrophilic nickel center as a s-adduct, and exhibits heterolysis upon addition of exogenous base. 
